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THE LOW ENERGY SPECTRUM OF COSMIC RAYS AS AN INDICATOR OF
PRIMARY SOURCE CHARACTERISTICS AND INTERSTELLAR PROPAGATION
V. K. Balasubrahmanyan, E. Boldt, R. A. R. Palmeira
NASA - Goddard Space Flight Center

Greenbelt, Maryland
ABSTRACT

The low energy spectra of protons and helium nuclei,
recently measured by McDonald and Ludwig, and by Fan,
Gloeckler and Simpson, are here corrected for solar
modulation and diffusive passage through interstellar matter.
The resulting source spectrum is exhibited and compared with
the spectrum of accelerated particles inferred from high
energy data. This analysis yields a transmission efficiency
of the source environment which is similar in form to the

velocity dependent solar modulation of low energy particles.
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The Low Energy Spectrum of Cosmic Rays As An Indicator of Primary
Source Characteristics and Interstellar Propagation.

V. K. Balasubrahmanyan,* E. Boldt** and R. A. R. Palmeira¥**
NASA, Goddard Space Flight Center

Greenbelt, Maryland

Introduction: In the study of galactic cosmic radiation it is

of interest to divide the evolution of the observed particles

into four stages:1

{(a) injection from source regions

(b) possible partial confinement in source regions
{c) motion in the interstellar medium

(d) solar modulation.

Interstellar propagation has been studied extensively by many

worker52’3’4

from a detailed determination of the charge spectrum
oY ihe cosmic radiation. 1In particular, it has been found that

Li, Be, B (called L nuclei) occur in primary cosmic radiation

with an abundance very large compared to their universal abundance.
As these nuclei get easily destroyed in nuclear interactions at
stellar temperatures, it is reasonable to assume that they are

probably not present in the source regions, but are produced in

nuclear collisions of heavier nuclei with the protons of the
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interstellar medium. Using the abundance of these light nuclei
relative to heavier nuclei, an estimate of the mean amount of

5 has been made. For

matter traversed in the interstellar medium
relativistic energies, a recent estimate,6 taking into account
effects due to decay of unstable isotopes formed in collisions

and other details of nuclear collisions, gives a value of

2.5 gm/cmz as the mean amount of matter traversed by cosmic rays
in the interstellar medium and is considered to be a reliable -
measure of this quantity.7 At low energies, however, the picture

. © - _is not so clear and some experiments®:?

seem to indicate an in-
crease in the ratio of the abundance of L nuclei to that of heavier
nuclei. Kaplon and Skadron1 have interpreted the increase of

this ratio as evidence that the traversal of matter by low energy

suclei is enhanced by a preferential confinement for low energy

s
3
.
O

les inside source regicns that are surrounded by partially
eflecting boundaries.

The analysis presented in this paper is based primarily upon
recent experiments, conducted on board the IMP-I satellite, which

nave vielded the first clear measurement of the low energy spectrum

£ o~ wn S - R =) T s . [ 1r T -
of ~ormic rays. The proton spscirum thus obiained by Mclonalag
) .
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pol LOWiE and the helium nuclieus Specirum obtained by rFan Gloecklor

particles lie in the interval 20 - 100 eV per nucleon, ionizavlion
lo=s is the dominant feature of their propagation irn *“he interstellar
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medium, and their energy is thereby greatly modified. This de-
gradation of energy is a direct sensitive measure of the quantity
of matter traversed by cosmic rays. Due to their low magnetic
rigidity, these particles also servé;as a probe of the magnetic
structure that is characteristic oflthe source environment.

In this paper we define the source spectrum in an operational
way. We first take the experimentally observed energy spectrum
and "demodulate" it for solar cycle effects. This "demodulated"”
spectrum, which represents the cosmic ray energy spectrum outside
the solar system, is traced back through the interstellar medium
by taking into account the energy loss due to ionization. The

dispersion in paths arisizg from the diffusion of cosmic rays in

the interstellar medium is considered in the analysis; this in-
volves a specification of the distribution in path lengths about
the mean value of 2.5 gms/cmz. Finally, by comparing the source

specirum obtained in this way with the spectrum of accelerated

go!

articles inferred from high energy data, we are able to recon-
struct the transmission function of the physical source environ-

ent.
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Low Inergy Proton and Eeliun Nucleus Spectrum:
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Figure 1 exhibits the proten and helium nucleus rigidity

ohtained from recent balleon ond IMP-1 satellite measure-

TF helium nucleus data have Leoen normalized to the proton
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data by employing a scale factor of 7. Although the proton and
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heljum nucleus rigidity spectra are comparable at high rigidities,
it is clear that at rigidities beiow ~ 1500 MV the two spectra
are definitely distincf. This shows that rigidity can not be
used as a universal parameter for characterizing the spectrum

of cosmic ray particles.

Figure 2 exhibits the proton and helium nucleus spectra in a
representation based upon the kinetic energy per nucleon. In this
instance, the helium nucleus data have been scaled by 5.7 to achieve
a2 normalization to the proton data. As indicated in Figure 2, a
single curve describes all the pertinent proton and helium nucleus
data points. This sugrests that the kinetic energy per nucleon,
or any other purely velocity dependent function, might be used to
completely characterize the spectrum of all cosmic ray particles.

Thae analytical expression for the indicated curve is

\S T g - )lg( -%

.9/‘ - - 500

2oz ot BT (B4 500) D
where d;éf has the units of particles /mz—sec—ster—MeV, and E

is the kinetic energy per nucleon in MeV. This analytical

representation of the observed spectrum is shown again as

R, L L > P = F P S~ T 13
curve A in Figure 3. A% high energy (i.e. for E >>-L00 lieV per
—r T e e O B r i ey o e 3 ; - ¥ e A e RPN £ o4
wu o Lzon) this sxoressicn meets the asymplotic constraiant of the
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For protons and helium nuclei in the low energy range the
important effects to be taken intotaccount are ionization loss
in the interstellar medium and solar modulation. A{ low energy
these processes affect the protons and helium nuclei in an
identical way as regards changes per nucleon. The reasons for
this are that I) for equal z2 / A, which is the case for protons
and helium nuclei, the ionization loss per nucleon is a universal
function of velocity, and 2) the low energy solar modulation is
a universal function of velocity.

10 have deduced the galactic proton

¥cDonald and Ludwig
spectrum expected at Earth under the assumption of:
)

i) an energy spectrum at injection of the form

‘ o 154 2.5 3 |
}’(E):%‘.”!Q /@ (&Y protons/mS-BeV (3)

whare )J@ is the density of cosmic rays of kinetic energy 6’,
in 22V, and Q) is the proton velocity in units of the velocity

of light, ii) 2.5 gm/cmZ of hydrogen traversed in the interstellar

medivun, and iii) a solar modulation given by

\ ‘ \
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The results of these calculations by McDonald and Ludwig are
shown by the dotted curve of Figure 1. By comparing their proton
ata with fhis dotted curve, they cénclude that either the source
spectrum is much steeper than what has been assumed or the solar
Tiodulation is weaker at the low energies experimentally observed.
Using the same solar modulation, the present analysis indicates
t the source spectrum at low energies is strongly affected by

the Transmission characteristics of the source environment.

folor Modulation:

Parkerl3 has described the 11 year solar modulation of cosmic
rays in terms of a quasi-stationary solution to a Smoluchowski
generalized diffusion equationl4 fer the process of a charged

Particle diffusing among the magnetic kinks comvected away from

o

the sun by the plasma wind. TFor energies sufficiently low such
that ihe Larmor radius (R) is small compared with the linear

dimension (j?) of the magnetic kinks, the solution may be ex-

‘ Fo = (b GrF K ]

(5)
bHit of EFarth, N
! Y NouT
environmezrt, and ﬁj
sortional ©o the

meanursd in uanilts of kink intervals.,
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For energies high enough such'that R.);( the solution takes

})jﬂ - ) exy ): Q%)(I _@ r?ﬁ'L (6)

where Ry = Mc2/eB, M is the proton mass, B is the magnetic field,

on the form

and Z and A are the particle charge and mass number respectively.

Recent work on proton and helium nucleus spectra near solar

minimum suggests that solar modulation effects are essentially
15 |

ot
¢

relocity dependent. The fact that protons and helium nuclei

3
18]

ve the same specttra, in energy per nuclecon, indicates that the
dominant modulation is a function of velocity alone. For the

resent analysis, the change—over from the purely velocity de-

b

pendent function (5) for low energies to the formula (6) for

igh energies is effected at a kinetic energy per nucleon (Eg)

given by E - Mc}[<\+ /) . g /ﬁL \J <o)

Figure 3 shows the demodulated spectrum, curve B, thus obtained

oy

fron the observed spectrum, curve A, for E; = 1 BeV. Below~ 300
eV per nucleon, curve B exhibits the characteristic of a flat

crurt.  We have notec that curve B remains essentially the

-
e S S b gy - A it - . oa A L Ty Ao
mrm Tonoalil (LT .b )\‘*. Therefors we may fit the data for
e .- - - — —~ T3 e T £ ~ T ~
s 1 nocicil, wihore A = 27, 25 well 25 the dete for proions,
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Extrapolation to the Source:

By a detailed consideration:of ionization losses, the solar
demodulated spectrum is extrapolated to the source. Since these
particles diffuse through the interstellar medium, the traversal
of matter will however ekhibit a dispersion about the mean value
of 2.5 gm/cmz, and as these energieslare low, the inferred source
energy of each observed particle will depend critically on the
actual path traversed. In the appendix an expression for the
distribution of pafh lengths due to diffusion is derived. The

variance of the path lengths associated with this distribution

is ( éiﬁf ) of the mean path length, and therefore this com-

plication to the extrapolation élearly cannot be ignored.

Each observed particle is, in principle, mapped into a
unit modulus energy distribution at the source according to the g
priori distribution in path lengths arising from a diffusion
process. These individual distributions at the source are
weighted by the solar demodulation function, (5)and (6) ,and the’
resulting source spectrum, curve C, is Shown'in Figure 3. This
soufce spectrum exhibits a peak at about 100 MeV per nucleon and
falls rapidly at lower energies.

Discussion:

When compared with the observed spectrumn, the source spectrum
shows the systematic effects of energy loss by ionization, par
ticularly at the low energy end. The smoothness at the low energy
end is due to the dispersion in path lengths in the interstellar

medium. If one were to assume that all particles traverse ex-

actly 2.5 gm/cmz, then the source spectrum thereby inferred would

Al



exhibit an abrupt cutoff at about 80 MeV per nucleon.

If one assumes that high energy particles ( >several BeV)
can freely propagate away from the source accelerator and are
not modulated drastically by galactic or solar magnetic fields,
then the energy spectrum of accelerated particles, at high emergies,
is the same as the asymptotic form (2) of the observed spectrum,

vViz: ¢ 23?
dl- o £ 77, ' |
Y4 (8)

This is shown as curve D in Figure 3.

This spectrum (8) for accelerated particles probably does
not remain valid down to extremely low energies; but we know

that it is an adequate description for several decades in the
region of several BeV. As pointed out by Syrovatskii16 this

form (8) of the spectrum corresponds to a general situation of
energy equipartition among cosmic rays, magnetic fields) and
turbulent motion. If we assume that the same form .of this
spectrum is valid down to about 100 MeV, then the ratio of the
source intensity, curve C, to the intensity given by curve D is

a2 reasure of the transmission efficency of the source environment
foy the energy per nucieon under consideration. Figure 4 shows

Ll

+hnisz “ransmission coefficient as a function of the reciprocal

velecity. The fact that this coefficient exhibits a straight line

in a semi-log plot with respect to l/@ suggests that the accelerated

vEeo ¥ERO
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source particles remain partially confined by a process of
diffusion. The cosmic ray density "outside the source" is
thereby related to the density "inside the source" by a simple

’

relation of the form

b () ot M(E’} exp (-K/p) (9)

fovT

wiere k' is the slope of the transmission ratio plot (Fig. 4).

Since the cosmic ray source spectrum appears to be a
universal function of velocity rather than rigidity, we infer
that the confinement to the source environment does not arise
from trapping by ordered magnetic fields. Rather, a comparison

of (2) with (5) indicates that the process involved here is one

cX Ziffusion, similar to that prevailing in the solar systemn.
s
Thiz suggests that the magnetic environment of the physical

scurce o1 cosmic rays might be similar in form to the solar
magnetic environment (e. g. magnetic turbulence convected

outward by a plasma wind).
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Appendix:

The dispersion in cosmic ray ﬁarticle paths from the source
to the solar system is here attributed to a diffusion mechaniSm.
For a particle produced at the space-time origin of a homogenous’
isotropic diffusive medium, fhe probability ﬁer unit time of
¢1rst passage beyond a radlus (a) is given byl4

o~ ‘n7 ( > ,(

)Z ] D“”f["”ﬂ - Dg 9

where D 1s the dlffu51on constant characteristic of the

medium.

The mean time of first passage-{t;fr is constructed as

{r> ’:f;P(t) dZ - ;L’/(’é D) (a2)

Z . .
The second temporal moment £ t2 3> is constructed as

Af"l> /ﬁ‘f(’t)c/t (/%) @/) (43)

The variance (i0% ) of the first passage time is then

nge“joy 4 (’t‘ Ai>)3.> 4’69‘7 (L 6‘7) -?1) (_Q_,_) (A4

By comparing the mean first passage time £ t 3>, as given by

(A2), with the variance, as given by (A4), we note the relation
< ,/*7\'/‘ 4 - L
- / o [
t ) s \;7 ! (A3)

If we assume that the quantity of matter traversed (8) by an

4L

observed particle is proportional to its total transit time, source
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to observer, then we can use the relation given by (A5) to infer

1Y

= 1/4(5.45>)"> - \/%\_ >, (A6)

that

¥We consider a sample of observed cosmic ray particles which
is characterized by a certain value for < S > (e.g. 2.5 gm/cm?)
and assign the corresponding variance (A6) prescribed by diffusion
thecry. The well defined variance and mean here ascribed to (S)

are sufficient to construct a normal gaussion distribution function,
. . - AW
viz: P(S):}//fa[_'_(S L s>) 7

al=3)”

(Vo) =5 ’

Insertion of the explicit expression (A6) of the variance

(A7)

et

into (A7) yields

\/‘5‘:—""‘ ___i S"LQZ L
Proy= Yoo — 2r )7 (48)
Ple)z = L8>
r<5> ’
This distribution function (A8) is renormalized to account
for the exclusion of negative values for (S), as follows:

Y- 2/(fPds)

(49)

iz normalization procedure {A9) is based upon the approxi-

£ S > 3> (shortest s, source to observer), (A1O)
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This assumption (A1l0) is valid in practice since the material
diameter of the entire galaxy is an order of magnitude less

than { S >.

- Tine final expression of the renormalized distribution

function utilized here is:

, (g (Socszy>e |
P(S)’* fi5d %jﬂ[/‘z‘ <s> ) All
<S>
where:

J_P/ ch; J,000§
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pictted in a kinetic energy per nucleon representatioca.
The so0lid line is equation (1). SR

The energy per nucleon spectrz as observed (A), soclar
demoduiated (B), corrected for ionization (C), and ex-
itrapolated from higher energies, for comparison (D).

Source transmission coeificient plotted as a function
of 1/Q Some representative calculated points are
shown.' The slope of the straight line is -4.0.
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